ABSTRACT Splittings related to the stretching vibration of bound dioxygen in hemoproteins have been detected by resonance Raman spectroscopy. With excitation at 406.7 nm we observe three isotope-sensitive lines in oxycobaltmyoglobin (oxyCoMb)
P(O-O) and v(Fe-O) stretching vibrations. The v(O-O)
frequencies at 1107 (oxyHbA) and 1103 cm-' (oxyMb) were reported by Caughey and coworkers (8, 9) , who employed infrared difference spectroscopy. Subsequent work (10) on cobalt-substituted oxyhemoglobin A (oxyCoHbA) (containing Co-deuteroporphyrin IX) revealed a very similar v(O-O) vibration at 1105 cm-' for Co-bound 02. These values, being close to those of free superoxide ions (1100-1150 cm-'), have been taken as evidence of a substantial transfer of electron density from the iron (or cobalt) to the coordinated oxygen. The charge-transfer formulation of Fe(IJI)-02-or Co (III)-02 has, in fact, been proposed by many investigators (2, 5, 7, (11) (12) (13) (14) , although there is not necessarily a transfer ofan electron from Fe (or Co) to 02 upon binding (4, 15, 16) . The picture of single v(0-0) vibration is complicated by the discovery of an additional infrared band at 1156 cm-' in oxyHbA (17) after Collman et al. (13) stretch at =570 cm-1 (originally reported at 567 cm'-) observed by Brunner (18) , using resonance Raman spectroscopy. On the basis of this interpretation, one would predict the existence of an infrared v(O-O) band at 1156 cm-1 in oxyCoHbA and the consequence ofFermi resonance would place the v(Co-O) stretching frequency at =570 cm-.
In view of the importance of '(O-O) vibration in understanding the exact nature of dioxygen bonding in oxyHb and oxyMb, we decided to carry out resonance Raman studies of cobalt-substituted oxyHbA and oxyMb with a view toward the possibility of observing both v(O-O) and v(Co-0) vibrations.* Raman spectroscopy is capable of detecting these two vibrations via resonance enhancement with a charge-transfer transition involving the fT electron of 02 and the molecular orbitals that would affect the Co-O bond length upon electron promotion. However, no resonance Ramnan detection of v(0-O) from bound dioxygen in hemoproteins has been reported to date.
In this paper, we report the observation ofboth v(O-O) and v(Co-0) in oxyCoHbA and-oxyCoMb upon excitation at 406.7 nm. Three lines near 1100 cm-' sensitive to 1602 1802 substitution have been identified at =1107, -1137, and "'1152 cm1. We will show that the frequency at 1107 cm-' is not a "genuine" v(0-0) stretching vibration; instead it is a "perturbed" porphyrin ring mode mixed with some v(0-0O) characters. In essence, there are two independent v(O0-O) vibrations at -1122 and -"1152 cm-1 representing two different species. The first v(O-O) at ""1122 cm-1 then undergoes a vibrational perturbation (resonance interaction) with one of the porphyrin ring modes, giving rise to two split lines at "1107 and "1137 cm-'. We MATERIALS AND METHODS Sperm whale myoglobin was purchased from Sigma and further purified as described (20) . The purified metmyoglobin was then reduced by sodium dithionite anaerobically, followed by anaerobic gel filtration in 0.01 M sodium phosphate buffer, pH 6.9 (2.26 g of NaH2PO4 * 2H20 and 2.52 g of Na2HPO4 per 5 liters), and exposure to the air to form oxyMb. For further purification, oxyMb solution was applied to a column of CM-52 carboxymethyl-cellulose (Whatman) equilibrated with 0.01 M sodium phosphate buffer, pH 6.9. After washing with the same buffer, the weakly adsorbed oxyMb was slowly eluted by 0.02 M sodium phosphate buffer, pH 7.2 (0.80 g of NaH2PO4 * 2H20 and 1.05 g of Na2HPO4 per liter).
Human hemoglobin A was prepared in oxy form by the usual procedure, starting from whole blood (21) .
The heme group was removed from metmyoglobin or methemoglobin A by the method ofTeale (22), using 2-butanone. The incorporation of cobalt protoporphyrin IX into apoproteins was carried out by the method of Yonetani et al. (23) . The procedure of Tsubaki and Nagai (24) was used for the purification of oxyCoHbA. For purifying oxyCoMb we employed the same procedure described above for oxyMb. Oxy cobalt a and /3 globin chains were prepared according, to the method of Tsubaki and Nagai (24) .
The heme concentration was determined spectrophotometrically in oxygenated form for iron derivatives and in deoxygenated form for cobalt derivatives. The extinction coefficients used are 14.6 mM-1 cm-' at 577 nm (oxyFeHbA), 14.6 mM-1 cm-' at 581 nm (oxyFeMb), 17 .0 mM-1 cm-' at 552 nm (deoxyCoHbA), and 17.0 mM-1 cm-' at 558 nm (deoxyCoMb).
Raman spectra were obtained by using a highly sensitive multichannel Raman system, which has been described in detail elsewhere (25) . The spectrometer consists of two 600 grooves per mm classically ruled gratings in additive dispersion, which has been demonstrated (20, 26) to be well suited for resonance Raman spectroscopy of heme proteins. The 500-channel intensified vidicon detector (a Princeton Applied Research dry icecooled SIT model 1254/01) can view an approximately 600-cm-1 segment of a Raman spectrum excited at =400 nm. Large dynamic range and the capability for long-term data integration, which minimizes the preamplifier noises, make it an ideal device for extracting extremely weak Raman signals from the background. Its enhanced detection capability over a conventional photomultiplier-photon counting system allows us to obtain high-quality resonance Raman spectra of oxyCoMb and oxyCoHbA without detectable photodissociation. The average laser power used to obtain the spectra in the present study is -15 mW or less.
The major exciting wavelength at 406.7 nm was provided by a Spectra-Physics model 171-01 krypton ion laser. Other lasers used were: Coherent Radiation CR-8 (Ar+) and CR-500 (Kr').
A 900 scattering geometry was used, and'the sample rotating cell was kept spinning during the measurements to avoid local heating and partial photodissociation of bound dioxygen. All Raman spectra presented here have not been computersmoothed.
For 1802 isotope substitution experiments, the sample solution was deoxygenated in the rubber sealer rotating quartz cell by repeated evacuation and flushing with pure nitrogen gas. After the final evacuation, the 1802 gas (99 atom %, Stohler Isotope Chemicals) was introduced at an initial pressure of 1 atmosphere. RESULTS
Resonance Raman spectra. in the 100-to 700-cm-1 region of oxyCoMb and oxyCoHbA are presented in Fig. 1 Fig. 2 Lower was obtained by normalizing the 1229-cm-1 line (a porphyrin ring mode) to the same intensity. We were surprised to find that the most prominent line, at 1137 cm-', does not correspond to any infrared v(0-0) frequencies in either Co or Fe hemoproteins reported so far. The spectral changes are more clearly seen in the difference spectrum; there it exhibits three positive peaks at -1103, =1137, and -1153 cm-' (as a shoulder) and three negative peaks at 1069, 1096, and 1123 cm-l. To make sure that the observed spectral changes are not due to oxidation or denaturation during repeated evacuation or laser irradiation, we have demonstrated that after exposing the CoMb'802 sample to oxygen gas (1602) for 30 min we were able to recover completely the CoMb1602 spectrum, which is also shown in Fig.   2 Upper (third curve). It should be noted that the sum of the integrated intensities of positive peaks is not equal to that of negative peaks. Fig. 3 shows more clearly the presence of a positive peak at 1152 cm -1 in the case of oxyCoHbA. The peaks at 1107 (positive) and 1095 cm-' (negative) are also more pronounced than the corresponding ones in oxyCoMb (Fig. 2) . When protoporphyrin IX is replaced by mesoporphyrin IX, the difference spectrum (1602 minus 1802) ofoxyCo-meso-Mb exhibits the absence of the peaks at 1152 and 1095 cm-' (unpublished results (Fig. 4) . Again, this increase of intensity at 1125 cm-1 is not an artifact, as demonstrated by a complete recovery of the FeMb'602 spectrum (third curve of Fig. 4 Upper) after the exposure of the FeMb'802 sample to oxygen gas (1602).
However, the intensity increase near 1125 cm-' expected for oxyFeHbA is not very obvious (see Fig. 4 Lower).
Resonance Raman spectra (900-1300 cm-') ofisolated oxyCo a and /3 chains are displayed in Fig. 5 , which shows a stronger 1152-cm-' peak for the chain. The positions of positive and negative peaks are ve similar to those in oxyCoHbA (Fig. 3) . The peak at 1152 cm-in the spectrum of oxyCoHbA appears to derive mostly from the 3 hemes, because an intensity increase at 1125 cm-' in the spectrum of oxyFeMbO2 upon 1802 substitution has been clearly observed (Fig. 4) .
Structural Implication of Two v(-O-) Frequencies. The intensity increase observed in oxyFeMbO2 (Fig. 4) 1152 cm-1 is close to the modes of dioxygen adducts of Fe or Co "picket fence" porphyrin complexes (""1150-1160 cm-') (13) in which there is no donation to bound dioxygen from the distal site.
The sp2(N6) -9*(02) donation is expected to affect the diT ..*(02) interaction as well. However, the observation of a single v(Co-0) or v(Fe-0) stretching frequency suggests that it may be a second-order effect.
The interaction between the sp2 orbital of the N6 atom of distal histidine (E7) and the r* antibonding orbital ofbound CO has been proposed in the interpretation of multiple C-o stretching frequencies in carbonmonoxyMb (32) (38) .
Considering the enhancement of both v(O-O) and v(Co-O) vibrations in oxy Co hemes, but not in oxy Fe hemes, we propose that the responsible charge-transfer transition involves an electronic promotion from i7*(i 7r*/d,.) to dI*(dz2/7erg*) (see Fig.   6 ). This electron displacement should cause elongation of the Co-O bond and contraction of the O-O bond in the excited state, which should be effective in shifting the origin of the potential energy curve along these coordinates. We believe that the Franck-Condon scattering mechanism (39) has contributed significantly to the observed v(Co-O) and v(O-CO) intensities. In addition, Herzberg-Teller vibronic couplings (39) may also contribute because of the close proximity of the Soret band to the charge-transfer state and its large extinction coefficient.
